Nitric oxide (NO) is one of the most important vasodilator molecules produced by endothelium and presents plenty of cardiovascular actions. It has already been established that deficiency in NO/cGMP signaling pathway is involved in pathophysiological mechanisms of many cardiovascular diseases. In this context, the use of NOreleasing drugs appears to be an effective alternative to replace the deficient endogenous NO and mimic the role of this molecule in the body. Organic nitrates represent the oldest class of NO donors that have been clinically applied. Considering that tolerance can occur when these drugs are used chronically, the search for new compounds of this class with lower tolerance potential is increasing. Here we briefly discuss the mechanisms involved in nitrate tolerance and highlight some achievements from our group in the development of new organic nitrates and their preclinical application in cardiovascular disorders.
Introduction
Nitric oxide (NO), first described as endothelium-derived relaxing factor (EDRF), is one of the most important mediators of intra-and extracellular processes. It is produced endogenously by the action of the enzyme NO synthase and exerts its effects mainly by activation of soluble guanylate cyclase (sGC), increasing the production of the intracellular second messenger cyclic GMP (cGMP) and activation of cGMP-dependent protein kinase (PKG) pathways [1] . Reduced bioavailability of NO is involved in the pathophysiology of many cardiovascular disorders. Therefore, the use of NO donor drugs, including organic nitrates, appears to be an effective alternative to replace the deficient endogenous NO and mimic the role of this molecule in the body [2] .
Organic nitrates are nitric acid esters of mono-and polyhydric alcohols, representing the oldest class of NO donors that have been clinically applied. The main representatives of this class are nitroglycerine (NTG), isosorbide dinitrate (ISDN), isosorbide 5mononitrate (ISMN) and pentaerythritol tetranitrate (PETN) [3] . All these compounds present a similar molecular structure, with the nitrate ester bond (R-O-NO 2 ) as an essential feature. This chemical group confers unique biological properties to this class of compounds, based on NO release [4, 5] .
Nitric oxide donors and, more specifically, organic nitrates have been used for many years in the treatment of cardiovascular disorders such as angina pectoris, arterial hypertension, heart failure, preeclampsia and pulmonary hypertension [6] [7] [8] [9] . Despite the benefits exercised by organic nitrates to the cardiovascular system, the prolonged use of these drugs may cause tolerance [10] . Here we discuss some mechanisms involved in nitrate tolerance and present further information about new insights on this class of drugs, especially in new molecules developed and tested in preclinical trials by our group.
Nitrate tolerance
The development of nitrate tolerance is characterized by the reduction of its vasodilator effect and the requirement to use continuouslyhigher doses, consisting in the major limiting factor to clinical use of these drugs [11] .
The first report of nitrate tolerance was in 1905, when Stewart [12] noted that prolonged use of NTG led to reduction of the side effects of redness and headache. Several animal studies have confirmed the development of nitrate tolerance in all species tested, both in vivo and in vitro [13] [14] [15] [16] . This phenomenon may have several causes and remain incompletely clarified, despite numerous studies in search of clarifications.
Tolerance appears to result from phenomena at the systemic level, such as neurohormonal activation and intravascular volume expansion or vascular changes like inhibition of nitrate biotransformation, desensitization of the soluble guanylyl cyclase (sGC) and cGMPdependent protein kinase (PKG), increase in phosphodiesterase activity and uncoupling of the NO synthase [17] .
Evidence indicates that oxidative stress is closely related in all processes of tolerance to organic nitrates, such as NTG, ISDN, and ISMN. This hypothesis is supported by numerous reports demonstrating that tolerance is prevented or, at least, ameliorated by co-administration of antioxidants such as vitamin C, vitamin E and folic acid. Moreover, interventions inhibiting nicotinamide adenine dinucleotide phosphate (NADPH) oxidase-dependent formation of reactive oxygen species (ROS) with statins, angiotensin converting enzyme (ACE) inhibitors, hydralazine and apocynin exhibit also promising effects against tolerance [10, [18] [19] [20] [21] . However, the exact mechanisms involved in this phenomenon remain unclear.
New insights
Due to tolerance caused by organic nitrates, the search for new compounds of this class which are unable to induce this undesirable effect has been increasing in the last years. Recently, our research group evaluated new organic nitrates obtained from glycerin, which is generated as a byproduct of the biodiesel production [22, 23] . Four compounds were obtained.
Frist, we evaluated if these compounds were able to induce vascular relaxation, the main feature of organic nitrates. It was observed that all the tested organic nitrates caused vasorelaxation in superior mesenteric artery rings (SMAR) isolated from rats. The nitratesinduced relaxation was concentration-dependent and endotheliumindependent. Table 1 shows the percentage of maximal relaxation (maximum effect -ME) induced by these compounds and the potency of each one (as pD 2 , the negative logarithm of the concentration that produces half of the maximum effect). Data previously published in França-Silva et al. [23] .
Compounds
Intact endothelium Denuded endothelium (%) ME ± SEM pD 2 ± SEM (%) ME ± SEM pD 2 Table 1 : Maximum Effect (ME) and pD 2 values of organic nitrates derived from glycerin. The relaxation was evaluated in superior mesenteric artery isolated from rats precontracted with phenyleprine (10 µM), in the presence or absence of functional endothelium as described in França-Silva et al. [24] (n = 6 for each group). The vasorelaxant effect was expressed as a percentage of relaxation of phenylephrine-induced contraction and data were expressed as mean ± S.E.M.
Although no significant differences were found in ME and pD 2 values between the components studied, we observed a tendency towards increasing the vasodilator response as the number of carbon atoms in the carbonic chain increased. Thus, we chose NDBP (2nitrate-1,3-dibuthoxypropan) to further test its mechanism of action. Our laboratory had shown that NDBP evoked potent vasorelaxation through NO generation and activation of the sCG/cGMP/PKG pathway. The kinetic of NO release was similar to other NO donors such as glyceryl trinitrate (NTG) and sodium nitroprusside (SNP) [25, 28] , confirming this molecule as a new organic nitrate that acts as a NO donor. Apparently, NDBP releases NO both by non-enzymatic and enzymatic pathways. Enzymatic pathways depend, at least in part, of xanthine oxidase activity, once its inhibition reduces NDBP-mediated NO production [28] . In agreement with these findings, in vivo preclinical studies proved that administration of different doses of NDBP (1, 5, 10, 15 and 20 mg/kg) elicited dose-dependent hypotension in spontaneously hypertensive rats (SHR) [26] . In addition to its NO-donor properties, our recent data also suggests that NDBP decreases oxidative stress by reducing NADPH oxidase activity both in vivo and in vitro [28] .
Considering that tolerance is one of the most important undesirable effect evoked by organic nitrates, we performed experimental trials to evaluate the ability of NDBP to induce tolerance. Experimental protocols were conducted according to Daiber et al. [27] . The cumulative addition of NDBP (10-8 to 10-4 M) in SMAR isolated from another group of rats promoted vasodilation with ME = 111 ± 4% and pD 2 = 5,8 ± 0.06. Previous exposition of SMAR to NDBP (10 µM or 100 µM) for 30 minutes did not alter the vasorelaxant response induced by cumulative addition of the compound (ME = 113 ± 1%, pD 2 = 6.0 ± 0.04; ME = 111 ± 6%; pD 2 = 5.8 ± 0.07, respectively, suggesting that NDBP did not induce tolerance to vasodilatation in vitro. In a different subset of experiments, SMAR were exposed to NDBP during 60 minutes and this did not change de relaxation to cumulative doses of the compound [28] , suggesting NDBP does not cause tolerance like other organic nitrates such as nitroglycerin. One limitation of the study with NDBP was the fact that cross-tolerance with NTG was not tested. Also, we still need to perform experiments to confirm in vivo tolerance-induction and the classical toxicology tests in different rodent and other mammals. This will allow further phase I clinical tests.
These data confirm the promising role of NDBP as a NO donor with potential to be used clinically on cardiovascular system. Preclinical studies confirmed that this molecule has anti-hypertensive effects due to its ability to release NO and decrease oxidative stress. However, further studies regardingits potential to induce tolerance need to be performed, as well as additional studies with the others organic nitrates. These compounds can help our understanding on nitrate tolerance mechanisms and possibly can figure as new potential therapeutic alternatives for cardiovascular disorders in substitution to current available NO donors.
